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Abstract
During neurogenesis, proliferating neural precursor cells (NPC) exit the cell cycle and differentiate into postmitotic neurons.
The proteins that regulate cell survival through the stages of differentiation, however, are still poorly understood. Here, we
examined the roles of the anti-apoptotic Bcl-2 proteins, Mcl-1 and Bcl-xL, in promoting survival as cells progress through
the stages of neurogenesis in the mouse embryonic central nervous system. We used Nestin-mediated, nervous system-
specific conditional deletion of mcl-1, bcl-x or both to identify their distinct and overlapping roles. Individual conditional
deletion of mcl-1 (MKO) and bcl-x (BKO) suggested sequential roles in promoting cell survival during developmental
neurogenesis. In the MKO embryo, apoptosis begins at embryonic day 10 (E10) in the proliferating NPC population
throughout the entire developing nervous system. In the BKO embryo, apoptosis begins later at E11 within the postmitotic
neuron populations. In the double (mcl-1 and bcl-x) conditional knockout (DKO), cell death extended throughout both
proliferating and non-proliferating cell populations resulting in embryonic lethality at E12, earlier than in either the MKO or
BKO. Apoptotic cell death of the entire central nervous system in the DKO demonstrates that both genes are necessary for
cell survival during developmental neurogenesis. To determine whether Mcl-1 and Bcl-xL have overlapping anti-apoptotic
roles during neurogenesis, we examined the impact of gene dosage. Loss of a single bcl-x allele in the MKO embryo
exasperated apoptotic cell death within the NPC population revealing a novel anti-apoptotic role for Bcl-xL in proliferating
NPCs. Cells were rescued from apoptosis in both the MKO and BKO embryos by breeding with the Bax null mouse line
indicating that Mcl-1 and Bcl-xL have a common pro-apoptotic target during developmental neurogenesis. Taken together,
these findings demonstrate that Mcl-1 and Bcl-xL are the two essential anti-apoptotic Bcl-2 proteins required for the survival
of the developing mammalian nervous system.

Introduction

In the developing nervous system, neural stem cells and
progenitor cells, collectively called neural precursor cells
(NPC), divide to form the differentiated neurons and mac-
roglia of the mature nervous system. In the mouse, the NPC
pool expands from embryonic day 9–10 (E9–E10) and
neurogenesis begins at E11 when NPCs exit the cell cycle
and initiate differentiation. Apoptosis plays a key role in
both patterning and regulating the total number of cells in
the nervous system [1]. The B-cell lymphoma 2 (Bcl-2)
family of pro-apoptotic and anti-apoptotic proteins controls
initiation of the apoptotic pathway [2]. The anti-apoptotic
members of the Bcl-2 family, myeloid cell leukemia-1
(Mcl-1) and Bcl-2-related gene long isoform (Bcl-xL), have
crucial roles in nervous system development. Each protein
appears to function at a specific stage in neurodevelopment;
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however, it is unclear whether their roles are distinct or
overlap.

Mcl-1 was first identified as a gene that is upregulated
during the differentiation of myeloid cells [3]. Conditional
Mcl-1 knockout mice have since demonstrated that Mcl-1 is
key for the survival of precursor populations within the
hematopoietic, hepatocytic, and dermal tissues [4–7]. In the
nervous system-specific Mcl-1 conditional knockout mice
(MKO), extensive apoptosis of NPCs occurs in the devel-
oping forebrain [8]. Mcl-1 is the only known anti-apoptotic
Bcl-2 protein required for the survival of both embryonic
and adult NPCs [8, 9]. Mice with germline knockout of anti-
apoptotic A1, Bcl-w or Bcl-2 have no apparent develop-
mental defects in the CNS [10–14]. Knockdown of Mcl-1 in
postmitotic neurons, however, does not result in apoptosis,
but autophagic cell death [15]. This suggests that Mcl-1’s
anti-apoptotic role has a defined temporal requirement
during neurogenesis.

The anti-apoptotic bcl-x long (bcl-xL) isoform is one of five
isoforms on the bcl-x gene, and is the predominant isoform in
the nervous system [16–18]. Bcl-xL expression coincides
with the start of neurogenesis at E11 and is expressed in
postmitotic neurons throughout the nervous system by E13.5
[19, 20]. Germline bcl-x knockouts are embryonic lethal at
E13 with apoptosis of immature neurons and hematopoietic
cells [21]. Neuron-specific bcl-x conditional knockouts
demonstrated that bcl-x is required for the survival of cate-
cholaminergic neurons, upper layer cortical neurons, and
CA1–CA3 hippocampal neurons [22, 23]. Immature neurons
have a greater dependency on Bcl-xL than mature neurons as
knocking out bcl-x in immature retinal ganglion neurons
results in apoptosis, whereas adult neurons survive [24].
Furthermore, conditional bcl-x knockout in NPCs revealed
that Bcl-xL dependency begins within 24 h of exiting the cell
cycle [25]. These studies demonstrate that similar to Mcl-1,
the anti-apoptotic role of Bcl-xL in neurogenesis is temporal.

The distinct temporal requirements of Mcl-1 and Bcl-xL
during neurogenesis suggests a transition in anti-apoptotic
protein dependency from Mcl-1 to Bcl-xL. To determine
whether their roles are functionally distinct or overlap, we
generated a double (mcl-1 and bcl-x) conditional knockout
(DKO) mouse. We show that survival of the entire nervous
system is dependent on the combined expression of Mcl-1
and Bcl-xL during neurogenesis.

Results

Mcl-1 and Bcl-xL have distinct anti-apoptotic roles in
the developing spinal cord

To investigate the individual anti-apoptotic roles of Mcl-1
and Bcl-xL in developmental neurogenesis, we first

examined whether both were expressed in the early
embryonic spinal cord. qRT-PCR revealed that Mcl-1
and Bcl-xL mRNA are expressed in the spinal cord at
E10 and appear to increase with the onset of neurogenesis
(Suppl. Figure 1). To determine whether Mcl-1 and Bcl-xL
are required for cell survival during early spinal cord neu-
rogenesis, we used nervous system-specific conditional
knockout mice for mcl-1 (MKO) and bcl-x (BKO) [8, 25].
Apoptotic cells were identified by two key markers of
apoptosis—a completely condensed nucleus as demon-
strated with Hoechst nuclear stain combined with immu-
nopositivity for active Caspase-3 (AC3). A few apoptotic
cells were first observed at E9 in the ventral spinal cord
of MKO embryos (data not shown) and by E10, apoptosis
had spread across the ventral spinal cord (Fig. 1a). Few
to no apoptotic cells were observed in comparable
sections through the E10 spinal cords of control (CTL),
heterozygotes (not shown), and BKO embryos. By E11,
the majority of apoptotic cells in the MKO spinal cord
were located dorsally, whereas in the E11 BKO embryo,
apoptosis was just beginning in the ventrolateral horns
(Fig. 1b). As development proceeded, apoptosis was stil-
l observed in the E13 dorsal spinal cord of MKO
embryos while in E13 BKO embryos, apoptosis was
spreading into the dorsal spinal cord (Fig. 1c). In both
MKO and BKO embryos, apoptosis began in the ventral
spinal cord and spread into the dorsal spinal cord over
1–2 days.

Apoptosis in the MKO and BKO spinal cord appears
spatially and temporally distinct. To examine the pro-
liferative state of apoptotic cells in both MKO and BKO
spinal cords, pregnant dams were given a BrdU pulse prior
to euthanasia at E11. Dual immunohistochemistry for AC3
and BrdU on spinal cord sections revealed that apoptotic
cells in the MKO embryo were BrdU+ proliferating cells,
but in the BKO embryo apoptotic cells were BrdU−

(Fig. 2a, b). Mcl-1 and Bcl-xL therefore appear to be
required for the survival of proliferating and differentiating
cells within the developing spinal cord, respectively, sug-
gesting they have distinct roles.

Conditional deletion of Mcl-1 and Bcl-xL leads to a
complete loss of the central nervous system

To examine the role of both Mcl-1 and Bcl-xL on nervous
system development, we generated a nervous system-
specific, conditional double mcl-1 and bcl-x knockout
mouse (DKO). The DKO embryo was lethal at E12
(Table 1), preceeding the lethality of the MKO at E16 and
the BKO at E19 [8, 25]. Mice heterozygous for mcl-1
and bcl-x (Mcl-1 Het:Bcl-x Het) were born at normal
Mendelian ratios and were fertile. A single DKO
embryo was discovered at E14, however tissue histology
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revealed complete loss of the entire central nervous sys-
tem (Fig. 3a). Numerous red blood cells were observed
within the head region caused by extensive bleeding
likely due to a lack of support for the newly forming
vasculature.

To compare brain and spinal cord histology, we per-
formed cresyl violet staining on midline sagittal sections
from E14 CTL, MKO, BKO, and DKO embryos. The
thickness of the developing cortical plate appeared similar
in CTL and BKO embryos, but appeared much thinner in
the MKO consistent with the extensive apoptosis that
occurs in the forebrain at this time [8] (Fig. 3b). In contrast,
only a remnant of tissue was observed around the periphery
of the brain cavity in the DKO embryo. A comparison of
the sagittal spinal cord at the level of the heart revealed
that both MKO and BKO spinal cords appeared thinner
than CTL spinal cords (Fig. 3c). The DKO spinal cord
had the most extensive loss of neural tissue compared to
all other genotypes demonstrating that Mcl-1 and Bcl-xL
are the two key anti-apoptotic proteins required for cell
survival in the developing nervous system.

Manipulating gene dosage reveals overlapping roles
for Mcl-1 and Bcl-xL in nervous system development

To determine whether Mcl-1 and Bcl-xL have overlapping
anti-apoptotic roles in nervous system development, we
examined the impact of gene dosage. We focussed on
embryonic age E11, when apoptosis is observed in the
MKO and BKO embryos in distinct dorsal and ventral
regions of the spinal cord, respectively (Fig.1). Histology
and AC3 immunohistochemistry was performed on sagittal
sections of the spinal cord (Fig. 4), brainstem (Suppl. Fig-
ure 2) and forebrain (Suppl. Figure 3). Few to no apoptotic
cells were observed in CTL or double heterozygous (Mcl-1
Het:Bcl-x Het) embryos in all three regions investigated. In
contrast, apoptosis was extensive throughout the developing
nervous system in the MKO embryo. Cell death extended
throughout the dorsal spinal cord and the ventricular zone of
the brainstem and forebrain. Loss of a single bcl-x allele on
the MKO background (MKO:Bcl-x Het) resulted in an
increase in apoptosis within each region impacted in the
MKO embryo alone (Fig. 4 and Suppl. Figures 2, 3). In the

Fig. 1 The onset of apoptosis occurs earlier in the MKO embryo than
the BKO embryo. Representative photomicrographs of active Caspase-
3 (AC3) immunohistochemistry labeling of apoptotic cell death in
horizontal spinal cord sections at (a) E10, (b) E11, and (c) E13 from
CTL, MKO, and BKO embryos. a In MKO embryos, apoptosis
appears first in the ventral spinal cord at E10 whereas no apoptosis is
observed in the BKO spinal cord. b By E11, apoptosis is

predominantly in the dorsal spinal cord of the MKO embryo. Apop-
tosis begins at E11 in BKO embryos and similar to the MKO embryo,
it is first observed within the ventral spinal cord. c By E13, apoptosis is
only located in the dorsal spinal cord in the MKO embryo and in the
BKO embryo, apoptosis has spread across the ventral and into dorsal
spinal cord. D dorsal, V ventral. Scale bar= 200 μm (a–c)

Mcl-1 and Bcl-xL are essential for survival of the developing nervous system 1503



BKO embryo, apoptosis was observed in the ventral spinal
cord and apical region of the brainstem, but not in the dorsal
forebrain (Fig. 4 and Suppl. Figures 1 and 3). Interestingly,
loss of a single mcl-1 allele on the BKO background (Mcl-1
Het:BKO) also caused an increase in apoptosis, yet within

the region impacted in the MKO embryo (Fig. 4). An
examination of apoptosis in the brainstem of the Mcl-1 Het:
BKO embryo similarly showed an increase in apoptosis
within the ventricular zone (Suppl. Figure 2b). Within the
developing forebrain of the Mcl-1 Het:BKO embryo, a few

Fig. 2 Apoptosis appears in spatially distinct cell populations in MKO
and BKO embryos. a Representative photomicrographs of horizontal
spinal cord sections from E11 CTL, MKO, and E13 BKO embryos
labeled for active Caspase-3 (AC3) (green) and BrdU (pink). A BrdU

pulse was given 2 h prior to euthanasia to label proliferating cells.
b Higher magnification photomicrographs of boxed regions in a
revealed co-labeling of AC3 and BrdU in MKO tissue, but not in CTL
or BKO tissue. Arrows point to double labeled cells
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apoptotic cells were observed within the pallium and sub-
pallium (Suppl. Figure 3b arrows). In the DKO embryo,
apoptotic cell death was extensive throughout the entire
developing nervous system (Fig. 4 and Suppl. Figures 2
and 3).

We next examined whether proliferating or differentiat-
ing cell populations were affected with the increased cell
death observed in the MKO:Bcl-x Het and Mcl-1 Het:BKO
embryos. Antibodies to Ki67 were used to label proliferat-
ing cells and antibodies to βIII-tubulin (Tuj1) were used
to label immature neurons, the differentiating population
(Fig. 5a, b). During apoptosis, once nuclear condensation
has occurred, cell-specific markers are often already
degraded making it difficult to identify the cell type.
Apoptotic cell counts were therefore performed in distinct
locations in Ki67+ proliferating cells at the center of the
spinal cord and in Tuj1+ differentiating neurons in the

Table 1 Survival of DKO embryos

Embryonic time-point

E10 E11 E12 E13 E14

Number of DKOs
(%)

5
(11.4%)

5
(11.9%)

2
(5.6%)

1
(2.9%)

1
(1.4%)

Total # of embryos
(# of litters)

44
(5)

42
(5)

36
(4)

35
(4)

71
(9)

Expected number of
DKOs
Mendelian ratio (%)

3
(6.8%)

3
(7.1%)

3
(8.3%)

3
(8.6%)

6
(8.5%)

Parental crosses were either (i) Mcl-1+/flox:Bcl-xflox/flox x Nestin+/Cre:
Mcl-1+/flox Bcl-x+/flox to provide an expected 6.25% DKO embryos or
(ii) Mcl-1+/flox:Bcl-x+/flox x Nestin+/Cre: Mcl-1+/flox Bcl-x+/flox to
provide an expected 3.125% DKO embryos. Mendelian ratios were
calculated by dividing the expected number of DKO embryos versus
total embryos. + =wild type allele, flox= floxed allele, Cre= Cre allele

Fig. 3 Conditional deletion of both mcl-1 and bcl-x—a double con-
ditional knockout (DKO) results in complete loss of the CNS by E14.
a Photomicrographs of representative cresyl violet-stained sagittal
sections of E14 CTL, MKO, BKO, and DKO embryos. Representative

higher magnification photomicrographs of cresyl violet stained sec-
tions of (b) cortex and (c) spinal cords for each genotype. Scale bars=
2000 μm (a), 100 μm (b, c)

Mcl-1 and Bcl-xL are essential for survival of the developing nervous system 1505



ventrolateral horns (Fig. 5a, b). In MKO embryos, apoptosis
was primarily observed within the Ki67+ proliferating
population (26.3 ± 7.2%, n= 5) with fewer apoptotic cells

(4.0 ± 3.0%, n= 5) in the Tuj1+ differentiating population.
In contrast to MKO embryos, a two-fold increase in apop-
tosis was observed in MKO:Bcl-x Het embryos within both
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the Ki67+ population (54.1 ± 17.3%, n= 4) and the Tuj1+

population (8.1 ± 6.3%, n= 4) (Fig. 5c, d). In BKO
embryos, apoptosis is just beginning at E11 and is confined
to the Tuj1+ cells in the ventrolateral horns (4.7 ± 0.4%,
n= 3). In comparison to BKO embryos, a two-fold increase
in apoptosis was observed in the Mcl-1 Het:BKO embryo
within the differentiating Tuj1+ population of the ventral
horn (11 ± 3.8%, n= 3) but no significant increase in
apoptosis was observed within the proliferating Ki67+

population.
To determine whether a change in protein expression

could account for the compensatory effects we observed
in the double mutant embryos, we quantified Mcl-1 and
Bcl-xL protein expression in the single conditional knock-
outs. Spinal cord, brainstem and forebrain tissue was
collected from CTL, Mcl-1 Het, and MKO embryos and
Western analysis performed (Suppl. Figure 4a–f). Mcl-1
protein is efficiently excised in the MKO nervous system.
The remnant of Mcl-1 protein observed in the MKO
spinal cord can be attributed to contamination by non-
neural tissue during dissection. No compensatory increase
in Bcl-xL protein expression was observed (Suppl.
Figure 4a–f). Similarly, in CTL, Bcl-x Het and BKO
embryos, Mcl-1 and Bcl-xL protein levels were assessed
(Suppl. Figure 4g–l). Bcl-xL protein levels were reduced to
25% of control in BKO embryos. Mcl-1 protein expression
was not significantly different across the three genotypes,
indicating there is no compensatory increase in Mcl-1
protein in the BKO (Suppl. Figure 4g–l). The overlapping
and compensatory role of the anti-apoptotic proteins
therefore is not due to an increase in protein expression in
the mutant embryos.

Bax is a common pro-apoptotic target for Mcl-1 and
Bcl-xL during nervous system development

We next questioned whether this compensation by Mcl-1
and Bcl-xL could be explained by them targeting a common
pro-apoptotic protein. The two key pro-apoptotic Bcl-2
proteins, Bax and Bak act at the mitochondria to initiate
apoptosis [26]. Previous studies have demonstrated that

germline deletion of Bak does not impact nervous system
development [27]. In contrast, germline deletion of Bax
(Bax Null) affects the development of several neuronal
populations including motor neurons resulting in super-
numerary cells [28]. Furthermore, Bax protein expression
has been shown to increase in differentiating neurons [20].
Although both Bax and Bak are expressed in the developing
spinal cord and appear to increase with the onset of neu-
rogenesis (Suppl. Figure 1), we focussed on Bax because of
its known role in nervous system development and its
affinity for both Mcl-1 and Bcl-xL [29]. If Bax is a common
target for Mcl-1 and Bcl-xL, we would expect that deletion
of Bax would rescue apoptotic cell death in the MKO and
BKO embryos, respectively.

MKO mice were bred with the Bax null mouse line and
embryos were collected at E11. Immunohistochemistry for
AC3 was performed on horizontal spinal cord sections
through the lumbar spinal cord of double heterozygotes
(Mcl-1 Het:Bax Het), MKO, and MKO:Bax Null embryos.
Apoptotic cells were counted in the dorsal region of the
lumbar spinal and compared across genotypes. Cell counts
revealed that Bax deletion significantly rescued the majority
of apoptosis in the MKO embryo (Table 2 and Fig. 6a, b). A
similar result was observed when BKO mice were bred with
the Bax Null mice. Apoptotic cell death was examined at
E13 when apoptosis is observed throughout the lumbar
ventral spinal cord [25] (Fig. 6c, d). Cell counts revealed
that Bax deletion rescued apoptosis in the BKO embryo
(Table 3). Taken together, these results demonstrate that
Bax is the main target for Mcl-1 and Bcl-xL in the devel-
oping nervous system.

Discussion

In this study, we examined the anti-apoptotic roles of Mcl-1
and Bcl-xL in mammalian developmental neurogenesis. We
have three main findings (i) Mcl-1 and Bcl-xL are essential
for cell survival during developmental neurogenesis; (ii)
Bcl-xL’s anti-apoptotic role can partially compensate for
Mcl-1 in differentiating NPCs; and (iii) Bax is a common
pro-apoptotic target for both Mcl-1 and Bcl-xL. Overall,
this study demonstrates that Mcl-1 and Bcl-xL are the
crucial anti-apoptotic Bcl-2 members required for nervous
system development.

In the mouse embryo, neurogenesis begins once neural
tube formation is complete at E10 [30]. Previous studies
have shown that both Mcl-1 and Bcl-xL are expressed in the
developing nervous system at the onset of neurogenesis
[8, 20]. In our conditional knockouts, apoptosis is first
observed at E10 in the MKO and E11 in the BKO embryo
coinciding with the onset of neurogenesis. Both the MKO
and BKO mouse lines were generated by the Nestin-Cre

Fig. 4 Gene dosage affects the onset of apoptosis in the spinal cord.
a Photomicrograph of a cresyl violet stained sagittal section through an
E11 mouse embryo. Black box indicates region of spinal cord exam-
ined. b Representative photomicrographs of sagittal spinal cord sec-
tions from E11 CTL, Mcl-1 HET:Bcl-x HET, MKO, MKO:Bcl-x
HET, BKO, Mcl-1 HET:BKO, and DKO animals (n= a minimum of
3/genotype). Apoptotic cells are labeled with active caspase-3 (AC3)
immunohistochemistry, while cresyl violet staining shows tissue his-
tology. Larger boxed area in b indicates region of higher magnification
photomicrographs for active caspase-3 stained sections, while smaller
inset indicates region shown in cresyl violet photomicrographs. R
rostral, C caudal, D dorsal, V ventral

Mcl-1 and Bcl-xL are essential for survival of the developing nervous system 1507



transgenic mouse line with the Nestin promoter becoming
active in primitive neuroepithelial cells at E7.5 [31]. Despite
the loss of mcl-1, bcl-x, or both genes, the neural tube still

formed. This suggests that Mcl-1 and Bcl-xL are not
required for the survival of the primitive neuroepithelial
cells that form the neural tube. Similarly, loss of the pro-
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apoptotic Bcl-2 proteins in the Bax null and the Bax:Bak
double knockout mouse does not affect the survival of the
primitive neuroepithelial cells because although the brains
are larger and contain more neurons, the overall brain
morphology is normal [27, 32, 33]. In contrast, exencephaly
and significant morphological changes are observed in the
developing brains of knockout mice for the pro-apoptotic
genes, Apaf-1, Caspase-3, and Caspase-9 and for the pro-
autophagy gene, Ambra1, demonstrating that each of these
genes affect the survival of the primitive neuroepithelial
cells [32, 34–39]. The Bcl-2 family, therefore, is required
for the survival of the definitive neural precursor population
but not the primitive neuroepithelial cells that are the
founder population of the developing nervous system [32].
Our findings further demonstrate that the role of the Bcl-2
family begins at the onset of neurogenesis as NPCs exit the
cell cycle and initiate neural differentiation.

The pattern of apoptosis in the individual conditional
knockouts, MKO and BKO, suggests that Mcl-1 and Bcl-xL
have distinct, sequential roles in developmental neurogen-
esis [8, 21, 25]. However, our gene dosage experiments
revealed that loss of a single bcl-x allele in the MKO:Bcl-x
HET resulted in a two-fold increase in apoptosis of the Ki67
+ proliferating population. As apoptosis is not observed in
the proliferating population in the BKO embryo, this shows
that Bcl-xL can partially compensate for the role of Mcl-1 in
NPCs. In the Tuj1+ differentiating population, both Mcl-1
and Bcl-xL promote cell survival as loss of either mcl-1,
bcl-x or a combination of both increases apoptosis in this
population. This is consistent with previous studies exam-
ining the individual gene knockouts [8, 21, 25]. NPCs,
therefore, are dependent on Mcl-1 at the start of neuro-
genesis and become dependent on both genes as neuro-
genesis proceeds (Fig. 7). This dependence on Mcl-1 and
Bcl-xL to prevent apoptosis, however, is short-lived. Con-
ditional deletion of either gene in mature neurons does not
result in immediate apoptotic cell death, rather neurons die
by autophagy with the loss of Mcl-1, or survive with a
heightened sensitivity to apoptotic stimuli in the loss of Bcl-
xL [15, 24]. Neurogenesis, therefore, highlights a sensitive
period in which NPCs exit the cell cycle to begin differ-
entiation and depend on the expression of anti-apoptotic
proteins Mcl-1 and Bcl-xL to prevent activation of the
apoptotic pathway.

The finding that Bcl-xL can functionally overlap with
Mcl-1 in NPCs suggested that both anti-apoptotic proteins
may inhibit a common pro-apoptotic protein. Although it
has previously been shown that Bax deletion rescues
apoptosis in the nervous system of bcl-x null mice [40], it
was not clear whether Mcl-1 also inhibited Bax in NPCs.
Our rescue experiments confirmed that both Mcl-1 and Bcl-
xL promote survival by blocking Bax activation in NPCs
and immature neurons. The transition from Mcl-1 depen-
dency to Bcl-xL dependency therefore is not due to a dif-
ference in Bax inhibition. Differences in the overall
expression of Mcl-1 and Bcl-xL within cells likely do not
affect the transition as Mcl-1 mRNA is highly expressed in
both NPCs and post mitotic neurons [8]. Bcl-xL protein is
expressed at low levels in NPCs and at much higher levels
in immature neurons [20]. However, a change in BH3-only
protein expression may account for the transition from Mcl-
1 to Bcl-xL dependency. Mcl-1 and Bcl-xL have both dis-
tinct and common BH3-only binding partners and their
binding affinities for the common BH3-only proteins also
differ (reviewed in ref. [2]). Knockout mice for the indivi-
dual BH3-only proteins have failed to show a nervous
system defect (Bad [41], Bid [42], Bim [43], Noxa [44, 45],
and PUMA [45]). Deletion of Bim in the germline bcl-x null
mouse rescued apoptosis of hematopoietic cells but not
neurons, and also failed to rescue the embryonic lethality

Fig. 5 An anti-apoptotic role for Bcl-xL in neural precursor cell
populations. a Representative coronal spinal cord sections from E11
Mcl-1 HET:Bcl-x HET, MKO, MKO:Bcl-x HET, BKO, and Mcl-1
HET:BKO embryos immunostained with antibodies to AC3 and Ki67.
Higher magnification of boxed areas in a showing double labeled cells.
b Representative coronal spinal cord sections from E11 Mcl-1 HET:
Bcl-x HET (TRH triple heterozygous), MKO, MKO:Bcl-x HET,
BKO, and Mcl-1 HET:BKO embryos immunostained with antibodies
to AC3 and βIII-tubulin (Tuj1). Higher magnification of boxed areas in
b showing double-labeled cells. c Counts of apoptotic cells within the
proliferating population of the spinal cord as shown in a. There was no
significant differences in the number of apoptotic cells between the
TRH, BKO, and BKO:Mcl-1 HET. In contrast, the MKO:Bcl-x HET
had significantly more apoptotic cells than the MKO (p < 0.01) and the
TRH, BKO, and BKO:Mcl-1 HET (p < 0.001) and the MKO had
significantly more apoptotic cells than the BKO:Mcl-1 HET (p < 0.05)
and the TRH, BKO, MKO:Bcl-x HET (p < 0.01). d Counts of apop-
totic cells within the ventral lateral horns of the spinal cord as shown in
b. Overall fewer apoptotic cells were observed in the ventral horns
versus in the proliferating NPCs in the center of the spinal cord. A
significant increase in the number of apoptotic cells was observed in
the BKO:Mcl-1 HET versus the TRH (p < 0.05). Individual means ±
SD are shown for each embryo. *p < 0.05, **p < 0.01, ***p < 0.001

Table 2 Apoptotic cell counts in the dorsal spinal cords of E11 double
heterozygous (Mcl-1 HET:Bax HET), MKO, and MKO:Bax Null
Embryos

Mcl-1 HET:Bax
HET

MKO MKO:Bax
Null

Apoptotic cells 0.3 ± 0.4 78.4 ± 22.0 4.1 ± 2.2

Total nuclei 301.4 ± 27.2 286.0 ± 18.5 295.1 ± 6.7

% Apoptotic cells 0.06 ± 0.14 27.76 ± 9.55* 1.38 ± 0.73

# of Embryos 5 4 3

Apoptotic cells were identified as immunopositive for active Caspase-
3 with completely condensed nuclei. Cells were counted within a
125 µm × 125 µm box placed midway in the dorsal spinal cord. Means
± SD are indicated

*p < 0.0001
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[46]. In contrast, deletion of both Bim and PUMA failed to
rescue neutrophil apoptosis in a myeloid cell conditional
Mcl-1 knockout demonstrating cell-specific differences in

BH3-only functions [47]. Combinations of multiple BH3-
only knockouts have resulted in nervous system defects. For
instance, the triple knockout of Bid, Bim and PUMA results
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in a similar phenotype as the Bax:Bak double knockout
with developmental defects including supernumerary
cells throughout the developing nervous system [48]. The
individual deletion of BBC3/PUMA alone reduced devel-
opmental cell death in the retina comparable to that

observed in the Bax-/- embryo, but a similar effect on the
central nervous system has not been observed [49]. How-
ever, in the adult mouse brain individual deletion of either
Bim or PUMA prevents apoptosis in the hippocampus
resulting in the increased survival of newly generated
neurons [50]. Further study, therefore, is necessary to
determine whether the change from Mcl-1 dependency to
Bcl-xL dependency can be attributed to a change in the
expression profile of the BH3-only proteins during devel-
opmental neurogenesis.

Tissue-specific knockouts of Mcl-1 and Bcl-xL have
revealed similarities and differences with their roles in
the developing nervous system. A role for the Bcl-2
family in cell survival is first observed at E10.5 in the
developing nervous system with the onset of neurogenesis
and in the hematopoietic system with the appearance of the
definitive hematopoietic stem cells [51]. Cell-specific
knockouts have shown that Mcl-1 is required for the sur-
vival of most precursor cells within the hematopoietic
system including hematopoietic stem cells, the common
lymphocyte progenitor and common myeloid cell pro-
genitor [4], B and T lymphocytes [5], and plasma cells
[52]. Tamoxifen-inducible deletion of Mcl-1 revealed
that it is required for B-cell survival throughout their life-
span and a reduction in Mcl-1 expression greatly enhances
B-cell sensitivity to apoptotic stimuli [53]. Similarly, we
have previously demonstrated that Mcl-1 is required for
the survival of NPC in development and in the adult brain
[8, 9]. In most hematopoietic precursor populations, Mcl-1
is the primary anti-apoptotic protein and Bcl-xL functions in
a secondary role. However, double knockout of Mcl-1
and Bcl-xL revealed that Bcl-xL was required for the
survival of megakaryocytes and loss of Mcl-1 sensitized
cells to apoptotic stimuli but did not cause their death
[54]. Interestingly, in the developing liver, Mcl-1, and Bcl-
xL appear to have a cooperative role in maintaining
the survival of embryonic and adult hepatocytes. The loss
of a single allele of each gene results in spontaneous
hepatocyte apoptosis [55]. These studies demonstrate
that Mcl-1 and Bcl-xL have distinct roles depending on the
cell type.

In conclusion, we show that conditional deletion of both
mcl-1 and bcl-x in our DKO results in death of the entire
central nervous system by E14 demonstrating that Mcl-1
and Bcl-xL are required for nervous system development.
The gene dosage experiments uncovered a novel role for
Bcl-xL showing that Bcl-xL has an anti-apoptotic suppor-
tive function in NPCs during neurogenesis. Finally, with
rescue experiments, we found that both Mcl-1 and Bcl-xL
promote cell survival by blocking Bax activation in neu-
rogenesis. Altogether this study demonstrates the distinct
and overlapping roles of Mcl-1 and Bcl-xL in develop-
mental neurogenesis.

Fig. 6 Deletion of Bax rescues cell death in the MKO and BKO
embryo. a Representative horizontal sections through the E11 lumbar
spinal cord of Mcl-1 HET:Bax HET, MKO, and MKO:Bax Null
embryos immunostained with antibodies to AC3 showed that deletion
of Bax rescues the majority of apoptotic cells in the MKO spinal cord.
b Higher magnification of the area for apoptotic cell counts (AC3) and
total nuclei counts (Hoechst) in each of the genotypes. c Representa-
tive coronal sections through the spinal cord of E13 Bcl-x HET:Bax
Het, BKO, and BKO:Bax Null embryos. d Higher magnification of the
area for apoptotic cell counts (AC3) and total nuclei counts (Hoechst)
in each of the genotypes

Table 3 Apoptotic cell counts in the ventral spinal cords of E13 double
heterozygous (Bcl-x HET:Bax HET), BKO, and BKO:Bax Null
Embryos

Bcl-x HET:Bax
HET

BKO BKO:Bax
Null

Apoptotic cells 0.0 ± 0.0 30.2 ± 8.1 0.0 ± 0.0

Total nuclei 151.5 ± 19.8 153.5 ± 8.7 145.5 ± 16.8

% Apoptotic cells 0.0 ± 0.0 19.6 ± 4.7* 0.0 ± 0.0

# of Embryos 4 4 4

Apoptotic cells were identified as immunopositive for active Caspase-
3 with completely condensed nuclei. Cells were counted within a 150
µm × 150 µm box placed in the ventrolateral horn of the spinal cord.
Means ± SD are indicated

*p < 0.0001

Neural 
Precursor 

Cell

Migra�ng 
Neuroblast

Immature 
Neuron

Differen�a�on

BAX

Mcl-1 Bcl-xL

Fig. 7 The distinct and overlapping roles of anti-apoptotic Mcl-1 and
Bcl-xL in mammalian neurogenesis. Mcl-1 is required at the earlier
stages of neurogenesis specifically for the survival of NPCs as they
exit the cell cycle and start to differentiate. Our gene dosage data
shows that Bcl-xL partially compensates for Mcl-1 in NPCs. As cells
become immature neurons, Bcl-xL takes on a more prominent role,
becoming the main anti-apoptotic Bcl-2 family member
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Materials and methods

Mice

Mice were housed on a 12 h light/dark cycle with access to
food and water ad libitum. All experiments were approved
by Memorial University’s Animal Care Ethics committee,
adhering to the Guidelines of the Canadian Council on
Animal Care.

Nestin cre (cre+/−) mice were generated in the laboratory
of Dr. R. Slack [8], mcl-1 floxed mice were generated in the
laboratory of Dr. S. Korsmeyer [4], and bcl-x floxed mice
were generated in the laboratory of Dr. L. Hennighausen
[56]. The bcl-x floxed mice were transferred from a FVBN
background to a C57Bl/6 background by backcrossing to
C57Bl/6 for six generations. Bax null mice were obtained
from Jackson Labs [57]. All strains were maintained on a
C57BL/6 background. Tail samples were collected for
genotyping by PCR with previously published primers for
cre recombinase, mcl-1 [8, 9], bcl-x [25, 56], and bax [57].

Nestin cre transgenic mice were bred with floxed mice to
generate conditional knockout mice (KO) of mcl-1 (MKO),
bcl-x (BKO), as well as mcl-1 and bcl-x double knockouts
(DKO). Knockout mice were compared to littermate control
(CTL) embryos that were wild type or mcl-1+/f or bcl-x+/f

(+=wild type allele, f= floxed allele) and to littermate
heterozyous embryos, such as nes+/cre:mcl-1+/f (Mcl-1 Het)
and nes+/cre:bcl-x+/f (Bcl-x Het) and double heterozygous
embryos nes+/cre:mcl-1+/f:bcl-x+/f (Mcl-1 Het:Bcl-x Het).
The bax null mouse line was bred with the MKO and BKO
mouse lines to generate the MKO:Bax null and BKO:Bax
null lines, respectively. Breeding pairs were placed in the
same cage until the formation of a vaginal plug, up to a
maximum period of 3 days. Female mice were checked
twice daily for a vaginal plug, which at the point of dis-
covery was designated as embryonic day 0.5 (E0.5).

Tissue fixation and immunohistochemistry

At the time of sacrifice, pregnant dams were euthanized
with an intraperitoneal injection of Euthanyl (250 mg/mL
sodium pentobarbital-Vètoquinol, IEUS001, Lavaltrie,
Quebec, Canada) followed by cervical dislocation. Embryos
were fixed overnight in 4% paraformaldehyde in 1× PBS
(pH 7.4). Following fixation, embryos were cryoprotected
in 30% sucrose (w/v) in 1× PBS and embedded and frozen
in OCT compound.

All tissues used for immunohistochemical staining were
sectioned on a Microm cryostat, and 14 μm-thick sections
were collected and processed according to previously pub-
lished protocols [25]. Primary antibodies used include: AC3
(BD BioSciences, Cat# 559565, RRID:AB_397274), β-
tubulin isoform III (Millipore, Cat# MAB1637, RRID:

AB_2210524), Bromodeoxyuridine (BrdU) (BD BioS-
ciences, Cat# 347580, RRID:AB_400326), and Ki67 (BD
Biosciences, Cat# 550609, RRID:AB_393778). Primary
antibodies were detected with fluorescent secondary anti-
bodies anti-rabbit IgG tagged with Alexa Fluor 488 or 594
(Thermo Fisher Scientific, Cat# A21206, RRID:
AB_2535792 and Cat# A21207, RRID:AB_141637) and
anti-mouse IgG tagged with Alexa Fluor 488 or 594
(Thermo Fisher Scientific, Cat# A21202, RRID:
AB_2535788 and Cat# A21203, RRID:AB_2535789).
Hoechst staining was performed to label cell nuclei (Sigma
Chemical Company, H33258 Cat# B1155). For BrdU
immunohistochemical staining, slides were pretreated in 2
N HCl at 37 °C for 30 min followed by 1M NaB4O7 pH 8.0
for 10 min [58].

Western analysis and quantification of protein blots

Spinal cord, brainstem, and forebrain tissue were dissected
from E12 embryos and digested in lysis buffer. Protein
extraction and Western blotting were completed as pre-
viously described [59]. Primary antibodies Mcl-1 (Rock-
land, 600-401-394, RRID:AB_2266446), Bcl-xL (Cell
Signaling Technology, Cat# 2764, RRID:AB_2228008),
and β-actin (Sigma-Aldrich, Cat# A5316, RRID:
AB_476743) were applied to blots overnight, followed by
the application of a horse-radish peroxidase-tagged sec-
ondary antibody (Bio-Rad, 1706515/1706516, Mississauga,
Ontario, Canada). Blots were developed using a chemilu-
minescence reaction kit (Perkin Elmer Labs Inc., 02118-
2512, Waltham, MA, USA) according to the manufacturer’s
instructions. Densitometry analysis of Mcl-1, Bcl-xL, and
β-actin bands were completed using ImageJ according to the
protocol outlined in the user guide (http://imagej.nih.gov/ij/
). Experiments were performed in triplicate and relative
protein expression was compared by one-way ANOVA
followed by Tukey’s post hoc analysis with significance at
p < 0.05.

qPCR

RNA was extracted from dissected spinal cord tissue from
E10 and E12 wild type embryos using TRIzol Reagent (Life
Technologies, 15596-026, Burlington, Ontario, Canada)
according to the manufacturer’s instructions. E10 samples
were pooled from three embryos, while E12 samples were
from individual embryos. RNA samples were DNase treated
followed by cDNA synthesis using the RevertAid H Minus
first strand cDNA Synthesis kit (Thermo Scientific, K1631,
Waltham, Massachusetts, USA). Quantitative PCR (q-PCR)
was performed using StepOnePlus Real-Time PCR System
(Life Technologies, Burlington, Ontario, Canada). cDNA
was mixed with Power SYBR Green PCR master mix (Life
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Technologies, 4367659, Burlington, Ontario, Canada) with
primers for bax (NM_007527.3, forward: 5′-TGAAGAC
AGGGGCCTTTTTG-3′, reverse: 5′-AATTCGCCGGAG
ACACTCG-3′, PrimerBank 6680770a1); bak
(NM_007523.2, forward: 5′-CAACCCCGAGATGGAC
AACTT-3′, reverse: 5′-CGTAGCGCCGGTTAATATCA
T-3′, PrimerBank 15553445a1); bcl-x (NM_009743.4,
Qiagen, QT00149254); gapdh (NM_008084, Qiagen,
QT01658692) and mcl-1 (Qiagen, QT00107436). Quanti-
fication of genes for each sample was done in triplicate.
GAPDH was amplified as an internal control, negative
control wells with the absence of cDNA template, as well as
RNA only wells were used to verify lack of genomic
contamination.

Microscopy

All immunostained slides were viewed using a Zeiss
AxioImager Z.1 microscope (Carl Zeiss Microscopy, Jenna,
Germany) and fluorescence produced using a Colibri LED
light source (Carl Zeiss Microscopy, Jenna, Germany).
Photomicrographs were taken using a Zeiss AxioCam MRm
camera (Carl Zeiss Microscopy, Jenna, Germany) using
Zeiss AxioVision v4.8 software. Low magnification images
were taken using a Zeiss Stemi-2000 dissecting microscope
(Carl Zeiss Microscopy, Jenna, Germany) and Zeiss Axio-
Cam MRm camera (Carl Zeiss Microscopy, Jenna,
Germany).

Cell counts and statistics

Apoptotic cells were counted on horizontal spinal cord
sections from E11 and E13 embryos. Apoptotic cells were
identified as being positive for AC3 and having completely
condensed nuclei as determined by Hoechst staining as
previously demonstrated [58]. Apoptotic cells were counted
within a 100 μm × 100 μm boxed area within the Tuj1+ cells
of the ventrolateral horn and at the midway point of the
spinal cord in the Ki67+ cells near the midline in E11 Ctl,
MKO, MKO:Bclx HET, BKO, and BKO:Mcl-1 HET
embryos. Two boxed areas were counted within the Tuj1+

cells and Ki67+ cells per embryo and displayed as percent
apoptotic cells from the total number of Hoechst+ nuclei.
The means were compared with one-way ANOVA followed
by Tukey’s post hoc analysis with significant differences
evaluated at p < 0.05. For the Bax rescue experiments in the
MKO embryo, apoptotic cells were counted within a boxed
area of 125 μm × 125 μm placed midway in the dorsal spinal
cord (Fig. 6A). Bax rescue experiments in the BKO embryo
were performed at E13 and apoptotic cells were counted
within a boxed area of 150 μm × 150 μm placed midway in
the ventral spinal cord (Fig. 6C). Counts were performed on
three spinal cord sections per embryo with a 140 μm interval

between sections. Mean counts were compared across
genotypes with one-way ANOVA followed by Tukey’s
post hoc analysis with significant differences evaluated at
p < 0.05.
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